Introduction
============

Pancreatic cancer (PC) is one of the most lethal forms of cancer, with a 5-year survival rate of less than 5%.[@b1-ott-11-619] Although surgical resection of the primary tumor is currently the first selected treatment for PC and offers the best survival rate, \~80% of the patients are not candidates for surgical resection because at the time of appearance of the first symptoms, most PC patients will have advanced-stage disease.[@b2-ott-11-619]--[@b4-ott-11-619] Even in PC patients who qualify for radical resection, which is now the only potential cure, the 5-year survival rate is only 25%, owing to the high incidence of undiscovered metastatic lesions.[@b5-ott-11-619],[@b6-ott-11-619] For patients presenting with advanced PC, chemotherapy and radiation therapy are the most commonly used frontline clinical strategies. However, the overall survival of these patients remains poor, as the highly heterogeneous and aggressive pancreatic tumors easily develop resistance, highlighting the dire need for other treatment options.[@b7-ott-11-619]

In recent years, Iodine-125 (^125^I) seed implantation, a form of radiotherapy, has been accepted as a useful and minimally invasive interventional modality and provides a new treatment option for unresectable PC. The local tumor control is improved with fewer complications.[@b8-ott-11-619],[@b9-ott-11-619] In this procedure, ^125^I radioactive seed is permanently implanted into the tumor or region of interest. This miniature radioactive source continuously delivers low doses of X-rays and γ-rays, irradiates the G2- and M-phase tumor cells, and destroys double-stranded DNA to inhibit their proliferative ability, leading to the ultimate death of the cells. Because the radiation dose of ^125^I seed decreases rapidly with increasing distance from the source, a large proportion of radioactive dose is localized to the tumor region and damage to the surrounding normal tissues is avoided, thereby achieving conformal radiation therapy.[@b10-ott-11-619] Recently, the clinical efficacies of ^125^I seed implantation have been encouraging, especially in pain relieving and local tumor control.[@b11-ott-11-619]--[@b14-ott-11-619] Wang et al[@b15-ott-11-619] have reported that in a clinical investigation of ^125^I seed implantation as a salvage modality for unresectable PC, the local control of tumor was achieved in 85.7% (24/28) of patients, and a good to medium pain relief was achieved in 94.1% (16/17) of patients. The median survival was 10.1 months (95% CI: 9.0--10.9).

To date, computed tomography (CT) and ultrasound are the most commonly used imaging modalities to guide the procedure of ^125^I seed implantation. Because of the advantages of direct vision, real-time dynamic imaging, and no radiation, ultrasound is now widely used in the percutaneous delivery of ^125^I seeds in the treatment of PC, with an improvement in accuracy and a relative reduction of complications. Precise implantation of ^125^I seeds and even radioactive dose distribution in three-dimensional (3D) space are the preconditions for clinical effectiveness. However, at present, even dose distribution of seed implantation is often affected by the operator's experience and the lack of 3D information of the tumor and the adjacent tissues or vessels, yielding incomplete coverage of the tumors and failed local control. In order to solve this problem, more and more researchers are trying to bring in the application of 3D image processing and analysis technology, 3D visualization and computer-aided technology, in the treatment of tumor.

Therefore, our team and Hokai company (Zhuhai Hokai Biomedical Electronics Co., Ltd., Zhuhai, China) have developed a 3D visualized seed planning and navigation system. This 3D system with rapid image processing and image fusion technologies is able to visualize the 3D space relationship between tumors and surrounding structures, guide the path and position of needle insertion, and display 3D distribution of the radioactive dose. This study aimed to evaluate the effectiveness, safety, and patient survival of ultrasound-guided ^125^I seed implantation in the management of PC with or without the assistance of this 3D visualized seed planning and navigation system.

Patients and methods
====================

Patients
--------

From December 2010 to November 2016, 25 patients with unresectable pancreatic cancer who met our inclusion criteria and underwent ultrasound-guided ^125^I seed implantation in the Department of Interventional Ultrasound, General Hospital of People's Liberation Army were reviewed. Twelve patients (with 13 lesions) who underwent the procedure received the assistance of the 3D visualized seed planning and navigation system (hereinafter 3D group), and 13 patients (with 14 lesions) did not (hereinafter 2D group). This retrospective study was approved by the Chinese PLA General Hospital Institutional Review Board and all patients provided informed written consent.

Of the 13 patients in 2D group, 23% (3/13) had jaundice, 69% (9/13) suffered from pain, and 38% experienced (5/13) weight loss. Two patients had chemotherapy, one had molecular-targeted therapy, two had high-intensity focused ultrasound (HIFU), one had transcatheter arterial chemoembolization, and one had percutaneous transhepatic cholangial drainage (PTCD) before the procedure. After the procedure, one patient in 2D group received two cycles of concurrent chemotherapy and molecular-targeted therapy, and another patient received immunotherapy two times (dendritic cell-cytokine-induced killers). According to the clinical TNM staging, five patients were diagnosed with stage II disease, six had stage III disease, and two had stage IV disease. Of the 14 lesions in 2D group, eight were located in the head, two in the neck, and four in the body or tail of the pancreas. Of the 12 patients in 3D group, 42% (5/12) had jaundice, 69% (9/12) suffered from pain, 50% experienced (6/12) weight loss, and 25% (3/12) had nausea. One patient had surgery, one had radiotherapy, two had chemotherapy, one had molecular-targeted therapy, one had HIFU, and two had PTCD before the procedure. Five patients were diagnosed with stage II disease, three had stage III disease, and four had stage IV disease. Of the 13 lesions in 3D group, nine were located in the head and two in the body or tail of the pancreas, and two metastatic lesions were located in the liver. Nine patients of the 2D group and eight patients of the 3D group had pathological diagnosis and four patients of each group were clinically diagnosed with pancreatic cancer based on clinical characteristics and imaging features. Nine patients of the 2D group and eight patients of the 3D group accepted ^125^I seed implantation procedure once, while four patients of each group received additional procedures for one or several times because of the progression of the lesions after at least 1-month of follow-up. One patient in 2D group and one patient in 3D group failed to follow-up 6 months post-treatment. Summaries of the patients' characteristics and tumor characteristics of both groups are presented in [Table 1](#t1-ott-11-619){ref-type="table"}.

Inclusion and exclusion criteria
--------------------------------

Inclusion criteria for the patients of 3D or 2D group in our study were as follows: 1) lesion diameter ≤7 cm; 2) patients with unresectable lesions or cannot tolerate surgery; 3) local anesthesia can be tolerated; and 4) platelet count \>40×10^9^/L, prothrombin activity \>40%, prothrombin time \<25 s.

Exclusion criteria were as follows: 1) evidence of widespread tumor metastasis; 2) no safe needle insertion path under ultrasound guidance; 3) lesion diameter \>7 cm; 4) patients with cachexia or refractory ascites; 5) severe hemorrhagic tendency not improved after blood transfusion or use of hemo-statics; 6) patients with acute pancreatitis; and 7) patients with severe cardiovascular disease or mental illness.

Treatment planning protocol
---------------------------

For the 3D group, Digital Imaging and Communications in Medicine data obtained from CT scans of the PC patients were used to do the preoperative treatment planning for ^125^I seed implantation procedure with assistance of the developed 3D visualized seed planning and navigation system. The system assisted the doctors in 3D reconstruction of the tumor, surrounding tissues, and vessels; calculation of the required number of ^125^I seeds; and planning of the needle insertion path. ^125^I radioactive seed (29.6 MBq, 0.8 mCi) (Beijing Atom and HighTechnique Industries Inc, Beijing, China) has a half-life of 59.4 days with a low energy level of 27.4 KeV and the seed distance of 1 cm.[@b16-ott-11-619] The matched peripheral dose (MPD) was 120 Gy and D90\> MPD; D90 is defined as the dose such that at least 90% of the tumor volume received the reference dose. The preoperative treatment planning for seed implantation is shown in [Figure 1](#f1-ott-11-619){ref-type="fig"}.

For the 2D group, CT scans and ultrasound were done before the procedure to evaluate the detailed tumor location and safe path for needle insertion. The implanted seed number was calculated by the formula: seed number = (length + width + height) ÷ 3×5.

Ultrasound-guided ^125^I seed implantation for pancreatic cancer
----------------------------------------------------------------

Before the procedure, a detailed understanding of the treatment history was required. For patients with obstructive jaundice, PTCD was necessary. Anticoagulant or antiplatelet drugs should be discontinued for 5--7 days. Preoperative examination of blood routine, liver and kidney function, blood coagulation, pancreatin, and CA19-9 level should be done. One day before the procedure, gastrointestinal preparation and intravenous infusion of somatostatin (0.25 mg/h) were performed.

The seed implantation procedure was performed in our department, and local anesthesia was used. Patient's position was dependent on the location of the tumors. Electrocardiography monitoring was used when necessary during the procedure. Conventional gray scale ultrasound or contrast-enhanced ultrasound (CEUS) was used to evaluate the lesion size, find a safe puncture path, and guide the procedure. An 18-gauge needle was placed into the tumor lesions and the radioactive seeds were implanted using a Mick applicator and spaced at intervals of 1.0 cm using the same needle.[@b17-ott-11-619] After the seed implantation, the needle was withdrawn and then the puncture point was sterilized with alcohol. The presence of abnormal effusion or hematoma around the treated lesion was checked with ultrasound.

Patient follow-up
-----------------

Postoperative evaluation was performed. According to the preoperative and postoperative CT scans (at 1, 2, and 6 months post-treatment), whether there was a "cold zone" of the radioactive dose, whether the distribution of seeds was as planned, or whether there was a shift of seeds was assessed. If the radioactive dose coverage of the tumor was incomplete, the complementary ^125^I seed implantation was done within 5 days.

The follow-up included laboratory tests (blood count, pancreatin, and CA19-9 level), routine physical examination, CEUS, or abdominal CT imaging at 1, 2, 3, and 6 months post-treatment and then at 6-month intervals for both groups. Follow-up was closed at the time of death or the last follow-up date which was March 1, 2017. Survival was calculated from the date of treatment to the date of death or last follow-up.

Definition of tumor response
----------------------------

Tumor response was assessed according to the revised Response Evaluation Criteria in Solid Tumors (RECIST) guideline.[@b32-ott-11-619] Briefly, there are four levels of the response: 1) complete remission (CR) was defined as disappearance of all target lesions and any pathological lymph node (whether target or non-target) must show a reduction in short axis to \<10 mm; 2) partial response (PR) was defined as at least a 30% decrease in the sum of diameters of target lesions, taking as reference the baseline sum of diameters, time ≥4 weeks; 3) stable disease (SD) was defined as neither sufficient shrinkage to qualify for PR or sufficient increase to qualify for PD, taking as reference the smallest sum of diameters while on study; 4) progressive disease (PD) was defined as at least a 20% increase in the sum of diameters of target lesions, taking as reference the smallest sum of diameters while on study, or the occurrence of one or more new lesions. In addition to the relative 20% increase, the sum must also demonstrate an absolute increase of at least 5 mm. The local control rate was defined as the proportion of patients with a CR or PR.

Statistics analysis
-------------------

SPSS 20.0 (SPSS Inc, Chicago, IL, USA) was used to perform the statistical analysis. Comparison between 2D and 3D groups was conducted by using Pearson's *χ*^2^ test or Fisher's exact test. Overall survival rate and the univariate analysis to identify predictors of survival were calculated by using the Kaplan--Meier method and compared by the log-rank test. Data were presented by average ± standard deviation. A *P*-value \<0.05 was considered to be statistically significant.

Results
=======

Patient characteristics
-----------------------

As shown in [Table 1](#t1-ott-11-619){ref-type="table"}, there were no significant differences between 2D group and 3D group with regard to sex, age, lesion diameter, primary tumor location, treatment times (number of seed implantations), clinical staging, and pathology of the tumor.

Treatment parameter and local control
-------------------------------------

The seed implantation procedures proceeded well in both groups, and no major complications occurred during the procedure. The number of implanted ^125^I seeds in 2D group ranged from 3 to 57, and the average number was 18.59±2.167. The average number of needle insertions was 5.059±0.4794 (ranged from 2 to 12 times). The number of implanted seeds in 3D group ranged from 5 to 42, and the average number was 15.50±1.653. The average number of needle insertions was 4.423±0.4936 (ranged from 2 to 11 times). In 2D and 3D groups, the implantation procedure was performed successfully in one session in 45.5% of patients (10/22) and 80.0% of patients (16/20), respectively. The rest of the patients in the two groups had to accept additional ^125^I seed implantation within 5 days after the first implantation, owing to the unclear images of ultrasound caused by too much gas coming into the lesions while inserting the needle or incomplete dose coverage of lesions by ^125^I seeds showed by postoperative CT scans. Therefore, the one-time treatment success rate of 2D and 3D groups was 45.5% and 80.0%, respectively. As shown in [Table 2](#t2-ott-11-619){ref-type="table"}, there was no significant difference in the number of implanted seeds and needle insertions between 2D and 3D groups (*P*\>0.05). However, one-time treatment success rate of the 3D group was significantly higher than the 2D group (*P*\<0.05), and the proportion of added seeds in the second session within 5 days in 3D group was significantly lower than that in 2D group (*P*=0.034).

Patients of both groups were followed up for 1 month after the procedure to evaluate the tumor response. According to RECIST criteria, among the 14 lesions in 2D group, the number of CR, PR, SD, and PD cases were 1, 4, 8, and 1, respectively. Among the 13 lesions in 3D group, CR, PR, SD, and PD cases were 1, 9, 3, and 0, respectively. Therefore, the short-term local control rate in the 3D group was significantly higher than in the 2D group (*P*\<0.05) ([Table 2](#t2-ott-11-619){ref-type="table"}). The follow-up and tumor responses of a patient in 3D group after the ^125^I implantation procedure are shown in [Figure 2](#f2-ott-11-619){ref-type="fig"}.

Survival
--------

The Kaplan--Meier survival curve shows that the survival rate of 3D group was significantly higher than 2D group (*P*=0.026) ([Figure 3](#f3-ott-11-619){ref-type="fig"}). The median survival time of 2D and 3D groups was 5.00 months (95% CI: 0.76--9.24) and 10.8 months (95% CI: 0.00--28.40), respectively. The median survival of all the 25 patients was 7.10 months (95% CI: 4.43--9.77).

Univariate analysis
-------------------

The influence of patient and tumor-related factors on survival is shown in [Table 3](#t3-ott-11-619){ref-type="table"}. The results of univariate analysis revealed that the survival of PC patients was significantly correlated with treatment times (*P*=0.043). Therefore, those PC patients whose tumors do not grow fast and have the chance to receive more ^125^I implantation procedures might survive longer.

Pain relief
-----------

Pain is one of the most common symptoms of PC.[@b17-ott-11-619] Among the 13 patients in 2D group, nine patients suffered from pain before ^125^I seed implantation. Seven patients (7/9, 77.8%) achieved good to medium pain relief post-treatment and three patients achieved complete pain relief, and it occurred on days 2, 4, and 5 after the procedure, respectively. Among the 12 patients in 3D group, nine of them suffered from pain. Eight patients (8/9, 88.9%) achieved pain relief and five achieved complete pain relief, and it occurred on days 1, 3, 4, 5, and 7, respectively. There was no significant difference between the two groups in pain relief rate.

Complications
-------------

No vital structures around the lesions were injured during the procedure and no severe intraoperative or postoperative complications occurred in all patients. During the procedure, five patients (5/13, 38.5%) had mild pain and a small amount of hemorrhage was observed in one patient (1/13, 7.7%) in 2D group. The hemorrhage stopped after the intravenous infusion of thrombin. In 3D group, two patients (2/12, 16.7%) experienced mild pain and no one had hemorrhage.

After the procedure, three patients (3/13, 23.1%) in 2D group and two patients (2/12, 16.7%) in 3D group had postoperative fever. The body temperature decreased to normal by using oral antipyretics. One patient (1/12, 8.3%) in 3D group suffered from postoperative nausea and turned to be better after treatment. No seed displacement and obvious leukocyte decreasing were observed. There was no significant difference between intraoperative (*P*=0.202) and postoperative complications (*P*=1.000) in the two groups.

Discussion
==========

PC is one of the five most lethal malignancies in the world, and the overall survival has not been significantly improved in the past 30 years.[@b1-ott-11-619],[@b18-ott-11-619] Although there are a lot of advances in radiotherapy, chemotherapy, combined therapy, and targeted therapy, the therapeutic effects of these nonsurgical therapies are not satisfactory. Conventional radiotherapy for locally advanced PC may prolong survival, and the 1- and 2-year survival rates are 30% and 10%, respectively.[@b19-ott-11-619],[@b20-ott-11-619] The therapeutic effects of new options in radiotherapy such as stereotactic body radiation therapy (SBRT), 3D conformal radiotherapy, intensity-modulated radiotherapy, intraoperative radiation therapy, high-dose rate radiation, or low-dose rate have all been explored in treating unresectable PC. Some reports indicated that SBRT combined with chemotherapy might be useful in treating PC patients, achieving a median survival time of 10.6--14.3 months with acceptable complications;[@b21-ott-11-619]--[@b23-ott-11-619] however, some researchers still believe the benefits of SBRT are questionable. Nagai et al reviewed 198 patients with unresectable PC and concluded that intraoperative radiotherapy followed by gemcitabine (GEM)-based chemotherapy was the recommended treatment strategy for unresectable PC.[@b24-ott-11-619] Ogawa et al[@b25-ott-11-619] reported that the median survival time for 144 patients treated with intraoperative radiotherapy with or without external beam radiotherapy, was 10.5 months. Zhang et al[@b26-ott-11-619] performed a meta-analysis comparing the therapeutic effects of GEM alone and radiotherapy combined with GEM for PC patients and found out that the clinical efficacy of radiotherapy combined with GEM was no better than GEM alone. But Chen et al[@b27-ott-11-619] reported that the 6-, 12-, and 18-month survival rate of combined radiochemotherapy was higher than radiotherapy or chemotherapy alone, despite the higher possibility of treatment-related toxicity. Molecular-targeted therapies have shown promising effects for killing PC cells in vitro and in animal experiments, but the results of several clinical trials of targeted therapies have not shown any clinical benefit.[@b28-ott-11-619]--[@b31-ott-11-619]

Recently, a new treatment modality, ^125^I seed implantation, has been accepted as an effective, minimally invasive, local-regional, and interventional therapy for locally advanced PC. Treatment Planning System (TPS) is a software system that can assist the operators to do the preoperative planning of ^125^I seed implantation. However, there are some disadvantages of the existing TPS systems. Most of the domestic TPS systems are just a set of computer software, which can only be used to do the preoperative treatment planning while ignoring the connection and coordination between the intraoperative implantation and preoperative treatment plan, and perform no function in positioning and orientation. TPS developed abroad have considered the above-mentioned factors, but the positioning and orientation hardware has been designed based on the treatment site, ie, prostatic cancer; therefore, it is difficult to be expanded to treat tumors in other body parts, such as liver or pancreas. Although some commercial navigation systems have emerged recently, none of them has reached a wide clinical application, especially in the area of interstitial brachytherapy.

In this study, we use our self-developed 3D visualized seed planning and navigation system to assist the operators to perform the ^125^I seed implantation procedure for PC patients. This system can acquire a 3D visualization of the patient's anatomy by reconstructing the images acquired from magnetic resonance or CT scans, identify safe and operable needle trajectories, and calculate the number of seeds needed so as to achieve the calculated dosimetric goals. The results of this study comparing the outcomes between the 3D and 2D group indicate the potential value of this 3D system in clinical application.

However, since the patient number in this preliminary study is quite small, larger patient cohort and randomized control trial are still needed to validate the results of the study and the clinical value of this 3D system. In addition, the 3D system remains to be optimized in many aspects. In the near future, we shall focus more on the improvement of the real-time navigation guidance accuracy and the smooth connection among preoperative treatment planning, intraoperative navigation, and postoperative evaluation for seed implantation.
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![The preoperative treatment planning for ^125^I seed implantation. (**A**) Preoperative treatment planning using the 3D visualized seed planning and navigation system and (**B**) preoperative dose volume histograms. A total of 90% of the tumor target received 125.24 Gy (D90=125.24 Gy), and 97.22% of the tumor target received 100% of the prescribed dose (V100=97.22%, red dashed line). D90 and D80 represent the dose such that at least 90% or 80% of the tumor volume received the reference dose, respectively. V80--V100 are the volumes that received 80%--100% reference dose, respectively.\
**Abbreviations:** ROI, region of interest; vol, volume; Ref, reference; 3D, three-dimensional; Gy, gray.](ott-11-619Fig1){#f1-ott-11-619}

![Images from a 63-year-old male patient diagnosed with moderately differentiated pancreatic adenocarcinoma. (**A**) Preoperative PET imaging; the white arrows indicate the tumor. (**B**--**E**) 1-, 3-, 6-, and 12-month CT scans, respectively, of this patient post-procedure. The lesion apparently shrunk, and the enhanced CT showed there was no activity.\
**Abbreviations:** PET, positron emission tomography; CT, computed tomography.](ott-11-619Fig2){#f2-ott-11-619}

![Cumulative overall survival rates in 3D group and 2D group. The survival rate of 3D group is significantly higher than that of 2D group (*P*=0.026).\
**Abbreviations:** 3D, three-dimensional; 2D, two-dimensional.](ott-11-619Fig3){#f3-ott-11-619}

###### 

Baseline characteristics of patients in 3D and 2D groups

  Characteristics                                   2D group     3D group     *P*-value
  ------------------------------------------------- ------------ ------------ -----------
  Sex                                                                         1.000
   Male                                             9            8            
   Female                                           4            4            
  Age, years                                                                  0.867
   ≥70                                              5            5            
   \<70                                             8            7            
  Mean age ± standard deviation                     68.00±9.14   67.73±8.68   
  Lesion diameter                                                             0.880
   Mean tumor diameter (cm) ± standard deviation    4.63±1.28    4.15±1.02    
    ≤3 cm                                           3            3            
    \>3 cm to ≤5 cm                                 6            7            
    \>5 cm to ≤7 cm                                 5            3            
  Primary tumor location                                                      1.000
   Head                                             8            9            
   Neck                                             2            0            
   Body and/or tail                                 4            2            
   Liver                                            0            2            
  Treatment times                                                             1.000
   1                                                9            8            
   \>1                                              4            4            
  Clinical staging                                                            0.464
   II                                               5            5            
   III                                              6            3            
   IV                                               2            4            
  Pathology                                                                   0.688
   Adenocarcinoma                                   9            7            
   Neuroendocrine carcinoma                         0            1            
   Unknown                                          4            4            
  History of treatment                                                        
   Surgery                                          0            1            
   Radiotherapy                                     0            2            
   Chemotherapy                                     2            2            
   Immunotherapy                                    0            0            
   Molecular-targeted therapy                       1            1            
   Minimally invasive local treatment (TACE/HIFU)   3            1            
   PTCD                                             1            2            
  Symptoms                                                                    
   Jaundice                                         3            5            
   Pain                                             9            9            
   Weight loss                                      5            6            
   Nausea                                           0            3            

**Abbreviations:** TACE, transcatheter arterial chemoembolization; HIFU, high-intensity focused ultrasound; PTCD, percutaneous transhepatic cholangial drainage; 3D, three-dimensional; 2D, two-dimensional.

###### 

Parameters of seed implantation procedure and local control rate

  Characteristics                                           2D group      3D group     *P*-value
  --------------------------------------------------------- ------------- ------------ -----------
  Number of seeds, mean ± standard deviation                18.59±2.167   15.50±1.65   0.287
  Number of needle insertions, mean ± standard deviation    5.06±0.48     4.42±0.49    0.366
  Proportion of added seed number (%)                       --            --           0.034
  One-time treatment success rate (%)                       45.5          80.0         0.029
  Local control rate (%)                                    35.7          76.9         0.038
  Patients who had CR and PR response after the treatment   5 of 14       10 of 13     

**Note:** Data presented as mean ± standard deviation, percentage, or *P*-value.

**Abbreviations:** CR, complete remission; PR, partial response; 3D, three-dimensional; 2D, two-dimensional.

###### 

Single factor analysis of prognostic factors for overall survival

  Variable           *χ*^2^ value   *P*-value
  ------------------ -------------- -----------
  Group              4.974          0.026
  Sex                0.062          0.803
  Age                0.002          0.969
  Treatment times    4.017          0.043
  Lesion diameter                   
   ≤3 cm             3.956          0.228
   \>3 cm to ≤5 cm   --             --
   \>5 cm to ≤7 cm   --             --
  Clinical staging                  
   II                2.528          0.283
   III               --             --
   IV                --             --
  Pathology                         
   Adenocarcinoma    0.563          0.754
   Neuroendocrine    --             --
   Unknown           --             --
  Tumor response                    
   SD + PD           3.422          0.064
   CR + PR           --             --

**Abbreviations:** SD, stable disease; PD, progressive disease; CR, complete remission; PR, partial response.
